Speaking rate in general, and vowel duration more specifically, is thought to affect the dynamic structure of vowel formant tracks. To test this, a single, professional[ speaker read a long text at two different speaking rates, fast and normal. The present project investigated the extent to which the first and second formant tracks of eight Dutch vowels varied under the two different speaking rate conditions. A total of 549 pairs of vowel realizations from various contexts were selected for analysis. The formant track shape was assessed on a point-by-point basis, using 16 samples at the same relative positions in the vowels. Differences in speech rate only resulted in a uniform change in F 1 frequency. Within each speaking rate, there was only evidence of a weak leveling off of the F 1 tracks of the open vowels/a a/with shorter durations. When considering sentence stress or vowel realizations from a more uniform, alveolar-vowel-alveolar context, these same conclusions were reached. These results indicate a much more active adaptation to speaking rate than implied by the target undershoot model.
The first type of durational differences are tlhose found between vowels spoken in the same speaking style and at the same rate. These differences in vowel duration are (cor-) related to spectral differences as predicted by the target undershoot model. The other type ofdurational differences are the differences between vowels spoken in difii•rent speaking styles or at different rates. These latter differences in duration are not related to spectral differences between vowels.
RelativelLy few studies have considered the relation between vowel formant dynamics and duration (e.g., Broad and Fertig, 1'970; Broad and Clermont, 1987; Di Benedetto, 1989; Van Son and Pols, 1989) and these were limited to only one speaking style. Studies that did use different speaking styles or different speaking rates generally only measured formantt frequencies within the vowel nucleus. Therefore, it is not clear whether fast-rate speech is just "speeded-up" normal-rate speech, or whether different articulation strategies (as proposed by Gay, 1981 ) or a higher speaking effort (Lindblom, 1983) are used. Differences in articulation .or speaking effort should result in different shapes of the formant tracks, e.g., a levelling-off of the formant movements in fast rate speech.
Formant track shape is generally characterized by the lengths and slopes of vowel on-and off-glide which are measured using two to four points from each for:mant track (Di Benedetto, 1989; Strange, 1989a,b; Duez, 1989; Krull, 1989) . However, it is very difficult to determine the boundaries of the stationary part (Benguerel and McFadden, 1989) and to measure formant track slopes accurately. Therefore, another method to characterize formant track shapes was chosen. We performed a point-by-point analysis on sampled vowel formant tracks ( 16 points, adapted from Broad and Fertig, 1970 ) and compared the formant frequencies on comparable, relative, positions in the vowel realizations.
Differences between speaking rates are best studied by using vowel realizations that differ only in speaking rate. In order to obtain a large and varied inventory of such vowel pairs, a long text was read twice by a single professional speaker (a well-known newscaster), once at a normal rate and once at a fast rate (Van Son and Pols, 1990). With these vowels, we have tested whether vowel formant track shape depends on vowel duration and speaking rate and how this relation can be modelled. Also the effects of stress and vowel context were taken into account.
Using a single, professional speaker will make it difficult to generalize the results of this study to other, more "naive," speakers. However, the way an experienced newscaster, who speaks standard Dutch and whose pronunciation is perceived as "correct," reacts to speaking rate differences will be very likely an "accepted" way of doing so. General theories of articulation do not consider personal skill or experience as a factor of importance. Therefore, when our speaker does not utter vowels in the way predicted then we have, for nonaberrant speech, a counter example to the general theories of articulation. We do acknowledge that large sections of the population might react in a different way to speaking rate changes. Our experiment should be viewed only as a test on the predictive power of articulation theories on the effects of speaking rate.
I. METHODS
The present project investigated a subset of the material used in our previous study (Van Son and Pols, 1990). Here, we will only summarize the procedures used.
A. Speech material and segmentation
A meaningful text of 844 words ( 1440 syllables) was read twice by an experienced speaker, once as fast as possible, once at a normal rate (i.e., as for an audience). The speech was recorded on a commercial Sony PCM-recorder, low-pass filtered at 4.5 kHz and digitized at 10 kHz, with 12-bit resolution. Subsequent storage, handling, and editing were done in digital form only. Reading the text took 330 s for the normal speaking rate and 220 s for the fast speaking rate (4.4 and 6.6 syll./s including pauses). The overall reduction in duration of the fast rate as compared to the normal-rate realization was one-third when pauses longer than 200 ms were included, and one-fourth when these longer pauses were excluded. A subjective evaluation did not reveal differences in reading style between speaking rates.
Based on the orthographic form of the original text, we selected putative realizations of the vowels we wanted to study. These vowel realizations were localized in the speech recordings and the segment boundaries were placed with the help of a visual display of the waveform and auditory feedback. The vowel boundaries were chosen at a zero crossing in the speech waveform. A whole number of pitch periods was used. Any pitch period that could be attributed to the target vowel, and not to the neighboring phonemes, was considered to be part of that vowel realization. The segments were copied with a leading and trailing edge of 50 ms of speech. Vowel realizations that could not be separated from their context with confidence were not used, contrary to what was done in Van Son and Pols (1990). The tokens were labeled for sentence accent and actual phoneme realization. Stress and phoneme labels at the two rates were not always identical but the differences between the speaking rates were not system- The vowel segments were analyzed with a 10-pole LPC analysis, using a 25.0-ms Hamming window, which shifted in 1-ms steps (Vogten, 1986 ). The formant analysis was based on the Split-Levinson algorithm, which gives continuous formant tracks (Willeros, 1986 ).
The formant tracks obtained from the different vowels were sampled at 16 equidistant points, including both boundaries. The linear formant frequency, in Hz, was used. Two tokens (both/i/) were shorter than 16 ms and thus gave less than 16 different frames in a track. From these we doubled some frames to obtain the 16 desired values. Symmetry was preserved by the doubling.
II. RESULTS
The formant values and vowel durations were compared for the two speaking rates. Comparisons were done between pairs of tokens taken from readings of the same text items at different speaking rates.
All statistical tests are from Ferguson (1981) , and all statistical tables from Abramowitz and Stegun (1965, p.
966-990). Correlation coefficients were recalculated to a
Student t test to determine significance. To prevent repeated test results from containing spurious errors, a two-tailed threshold level for statistical significance of p<0.01% was chosen for testing the point-by-point formant data (16 points per formant per vowel) and a threshold level of p<0.1% was chosen for testing differences in duration (1 value per vowel). When the two speaking rates were tested in parallel, i.e., not pooled, only results that were statistically significant at both speaking rates were considered, because the methods used were not well qualified to distinguish between speaking rates.
A. Duration
Mean differences of duration between speaking rates were tested (Table II) . As was to be expected, the fast rate tokens were shorter than the normal rate tokens. The difference was around 15% for all vowels combined, intrinsic long vowels (/a, o/) showed a shortening of around 20% at a higher speaking rate.
Mean duration was statistically significantly (p<0.1%) shorter for fast rate tokens than for normal rate tokens for the vowels/e o a i o/ (Table II) . Realizations of the schwa did not differ in length between speaking rates. This could be explained by the fact that they were already extremely short.
The vowels/u y/showed no significant differences, probably because of their small numbers (see Table I ). From the results presented in Table II it was found that the mean dura-TABLE II. Mean duration (in ms) of tokens for both speaking rates, and mean difference in duration between speaking rates. The mean duration of short vowels (/• o i u y/, all tokens pooled) was 86 ms (normal rate) and 76 and V: = 2.05 V -38 ms, respectively). As only two speaking conditions were available, the coefficient "a" could not be determined reliably from our data and was chosen to lie between the two published values, i.e., "a" = 2. The constant "d" was found to be 45 ms in normal rate speech and 47 ms in fast rate speech.
ms (fast rate). '['he mean duration of long vowels (/a o/, all tokens pooled )
The correlation between vowel duration values of tokens spoken at normal and fast rate was significant for all vowels tested, except for the vowel/a/, and correlation coefficients were larger than 0.71 for all vowels. except for the vowels/i •/ (Table II) . This meant that the within-speaking-rate variation in duration is preserved between different speaking rates. The lack of correlation between durations of the schwa at fast and normal rate, could possibly be attributed to the restricted contexts from which these tokens were extracted and the lack of differences between realizations at the two speaking rates.
B. Effects of speaking rate on formant frequencies
Speaking rate differences resulted in differences in vowel durations and probably also in formant values. Mean formant frequency differences between speaking rates proved to be rather small. In Fig. 1 , the differences in formant values between speaking rates are displayed as the normal rate formant frequency subtracted from the corresponding fast rate formant value, so any deviation from a straight line at 0 value might be interesting. For each vowel, the differences between tokens spoken at different rates, corresponding to a certain point in the token (points 1 through 16), were'averaged and the statistical significance was determined by a Student's t test on the difference. Statistical significance for individual points was indicated in the legend of Fig. 1 . For F 1, the differences were statistically significant in more than half of the vowel segment (more than 8 points)
for the vowels/e (] a o/and in less than half of the vowel segment in/i/ [see Fig. 1 (a) ]. The differences in F 1 were small, on the average 20 Hz. The parts showing significant differences did not correspond to a certain position within the vowel. Thus fast-rate tokens showed a slightly higher F 1 value than normal-rate tokens in all parts of the vowel, irrespective of vowel identity.
Despite quite large differences between mean F 2 values [ Fig. l(b) ], statistically significant differences were only found in a small part in the second half of/(•/. Thus no consistent differences in frequency were found between F2 values from vowels spoken at a fast rate as compared with those spoken at a normal rate. This result suggests that there were no large, systematic effects of speaking rate on the shape of the second formant track.
C. Correlation between speaking rates
The two readings resulted in two correlated sets of formant measurements. The context of each text item was identical in both readings so the formant frequency values measured in tokens of the same text item at different speaking rates might very well be correlated. The correlation coefficient over pairs of tokens of the same vowel is then a measure of the amount of context dependent variance captured with the measurements (see also Van Son and Pols, 1990). These correlations were calculated for each point in the vowels and the resulting correlation coefficients were plotted in Fig. 2 .
The values measured at both speaking rates from the same text item, indeed showed high correlation coefficients. The correlations were statistically significant for F 1 in all parts of the vowels/• o a i o/[ Fig. 2(a) ]. ForF 1, the correlation coefficients surpassed 0.71 (more than 50% of variance explained) in most parts of the vowels/o o/and were larger than 0.5 (more than 25% of variance explained) in the vowels/e a i/, i.e., in those vowels that showed significant correlations (p•<0.01% ) between F 1 values. The vowels/a u y/did not show significant correlations between speaking rates, despite some fairly high correlation coefficients (e.g., for/y/tokens).
For the second formant [F2, see Fig. 2lb that the correlation coefficients between the formant values of vowels spoken at normal and fast rate (Fig. 2) were often larger than the corresponding correlation coefficients between vowel durations (Table II) .
These results indicate that a large fraction of the variation in vowel formant values within each speaking rate was indeed systematic and reproduced when the text was reread.
D. Effects of duration on formant frequencies
Because durations differed between speaking rates (cf. Table I ). For small numbers, the estimated parameter values will have a large error. Therefore, we concentrated on the relation between the tokens in the subset and those of the parent set and not on the actual sizes of the differences between the two sets. For this analysis., a threshold level of significance of p<0.1%, reached at two or more points within a vowel, was sufficient. The fast-rate tokens of this subset had a uniform higher mean F 1 frequency than the normal-rate tokens but the difference was not statistically significant (p>0.1% at all points). The between-speaking-rate correlation coefficients of the formz•nt frequencies were high for both F 1 and F2, often higher than those for the parent set. The trends were the same as in the parent set of tokens.
The correlation coefficients between formant frequencies and vowel duration were generally higher in the subset of tokens in alveolar context than in the parent set, especially for F 1 of/a a/. Still, only a few correlation coefficients were statistically significant (F 1 in the center of/,•/, p.<< 0.1% for more than 2 points).
These results show that the tokens frotn the subset of vowels in alveolar context were not different from the complete parent set of vowel tokens.
F. Effects olf stress
The previous analyses were repeated on• token pairs of the vowels/• • a i o/for which both tokens were stressed or unstressed (data not shown). This was done to check whether sentence stress might be significant with respect to the effects of differences in speaking rate or duration.
Stressed tokens were 30% longer than the unstressed ones for both speaking rates (p•0.1% ). The differences in vowel duration between speaking rates were ,comparable for stressed and unstressed tokens (i.e., 15%). The mean duration of the long vowels (V_:) was related to that of the short vowels (_V) as y:=2y-54 ms in stressed tokens and y: =2y -43 ms in unstressed tokens (cf. See. II A).
For the F 1, formant frequencies of the stressed tokens were generally higher than those of the unstressed tokens at both rates. This difference was largest for the high F 1-target vowels (p<0.01% in the center of/o/for both speaking rates). The vowel space of the stressed tokens was larger, i.e., less reduced, in the F 1 direction (/i/to/a/) than that of the unstressed tokens. There was no indication that, compared to stressed tokens, unstressed tokens are spectrally reduced with respect to the F2. The fast rate stressed and unstressed tokens had a uniform higher F 1 than the normal rate tokens. For unstressed tokens the difference was statistically significant (p<0.01%). For stressed tokens the difference was smaller than for unstressed tokens and not statistically significant (p > 0.1% ).
Correlation coefficients between speaking rates were higher in stressed tokens than in unstressed •tokens and statistically significant for both (p<0.01%). The reverse was found for the: correlation between formant values and vowel duration. Fo:r both stressed and unstressed tokens the correlation between formant values and vowel duration was never statistically significant (p > 0.1% ) for both :speaking rates.
As far as could be checked, the results obtained from all tokens pooled were equally valid for both subsets of tokens individually.
III. DISCUSSION
The results presented in this paper were obtained from sampled formant tracks, analyzing the formant frequency samples in a point-by-point way. Especially when correlated changes in formant frequency occur between different parts of the formant tracks, this method might be not sensitive enough. Therefore, we also modeled the formant tracks of all vowel realizations with polynomials (using Legendre poly-• nomials, see Nossair and Zahorian, 1991 for an example of how these can be used). These new, polynomial, formant track parameters were analyzed in the same way as the point-by-point data. On all accounts, the results of the analysis using polynomial parameters appeared to be a duplication of those obtained from the point-by-point data. Therefore, we did not include them in this paper (results are available upon request).
A. Effects of speaking rate
The difference in vowel duration between tokens spoken at normal and fast rate was small but consistent. In fact, the difference was only half of what would have been expected from the overall difference in duration of both readings, which was 25% (see Sec. I A). For both readings the mean duration of long vowels (y:) was twice the mean duration of short vowels (y) minus a constant, i.e., y:•2y -46 ms.
From this relation it follows that the absolute difference in
vowel duration between speaking rates should have been approximately twice as large for long vowels than for short vowels. But this relation does not explain why the overall differences were so small. A possible explanation could be that vowels are more resistant to durational compression than other phonemes. Indeed, this was found by Eefting ( 1991 ) using the same speaker. In other studies, larger differences in vowel duration were found between speaking styles and rates (e.g., Lindblom and Moon, 1988) than in the present study. These studies used speech which contained longer vowel realizations than did our speech material. Starting with (much) shorter vowel realizations from a long read text, the small reductions in vowel duration found in this study were likely to strain the articulatory capabilities of our speaker more than did the much larger reductions of vowel duration in studies which used isolated words or sentences. As the articulatory models discussed before emphasize articulatory effort as an important factor influencing vowel formant tracks, even this relatively small reduction should have had a measurable effect on vowel formant tracks.
Despite the fact that the fast-rate vowel realizations are generally (and consistently) shorter than the normal-rate realizations, there is hardly a difference between the formant frequency values measured at different speaking rates. This means that a, difference in speaking rate did not result in systematic differences in formant values. Only the F 1 frequency is higher in vowels spoken at a fast rate compared to vowels spoken at a normal rate. This rate-dependent rise in F 1 frequency was present irrespective of vowel identity and it was uniform (independent of the position inside the vowel). This means that the equivalent results found by Van Son and Pols (1990) for vowel nucleus measurements cannot be attributed to a change in formant track shape due to speaking rate. It also indicates that our speaker increased articulation speed when he spoke faster. This increase in articulation speed matched the decrease in vowel duration. The context in which a vowel is spoken might be of importance for changes in speaking rate (or changes in duration). We compared the results for stressed with those for unstressed token pairs and also the results for tokens from an alveolar context with those from all tokens pooled.
Stressed vowel tokens were generally longer than the unstressed tokens and spectrally less reduced (at least for F 1 ). No differences between stressed and unstressed tokens were found when the effects of changes in speaking rate or duration were considered. The difference in duration between stressed an• unstressed tokens was twice the difference between speaking rates. There was a difference in F 1 formant frequency between stressed and unstressed tokens but stressed and unstressed tokens did not differ in the way speaking rate affected their formant frequencies, i.e., F 1 was higher in fast rate speech, although the size of the effect of speaking rate might have been smaller in stressed tokens than in unstressed tokens. All this indicates that vowel duration alone is not enough to explain the differences between stressed and unstressed vowel realizations. This confirms the results of Nord (1987) . For tokens from an alveolar CVC context, the same uniform higher F 1 frequency in the fast rate tokens was found as in the parent set. There was the same lack of effect of either speaking rate or duration on the F2. These results indicate that if coarticulation from an all-alveolar context was stronger in fast-rate speech than in normal-rate speech, the difference was too small to be measured by the methods used in this paper. We were only able to test a subset of Dutch vowels and consonants. It is still possible that other CVC combinations are more strongly affected by speaking rate changes.
To summarize, the trends observed in vowel realizations in our parent set were also present in the stressed and unstressed realizations and in the realizations from an alveolarvowel-alveolar context. Therefore, we conclude that the variation of these textual factors in our data did not influence the results we obtained.
D. Conclusions
This study was limited in that only one speaker was used who read aloud a single text. From the results we conclude that this speaker did not behave as predicted by the targetundershoot model. Even the refined versions of the targetundershoot model that incorporate alternative articulation strategies (Gay, 1981) and increased effort (Lindblom, 1983) would predict some measurable differences in formant frequency values between speaking rates. That these differences were not found indicates that these theories are not universally valid for all speakers using continuous read speech. We found evidence that they might explain some aspects of the relation between vowel duration and formants within a single speaking style. However, our study indicates that their explanatory powers are limited and probably speaker specific.
The results presented here indicate that the articulatory effects of differences in vowel duration between speaking rates (and probably speaking styles) are not the same as the effects of differences in vowel duration within a single speaking rate (or style). This difference should be addressed by articulation theories based on the target undershoot model. It is also clear that our speaker was readily able to actively adapt his articulation to a fast speaking rate. It is therefore unlikely that articulation speed is a limiting. factor in his vowel pronunciation as is implied by the target undershoot model.
